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57 ABSTRACT

A system and method for automatically defining and tuning
operating parameters for a motor control device with minimal
orno operator input is disclosed. The system includes a motor
control device electrically connectable to an AC motor and a
controller that is programmed to define a motor start-up func-
tion based on a rated current of the motor, the motor start-up
function comprising an initial torque factor and an initial
ramp time. The controller also triggers switching devices of
the motor according to the motor start-up function to inject
current into the motor during a first trial run, monitors oper-
ating conditions of the motor and motor control device during
the first trial run, modifies the motor start-up function based
on the monitored operating conditions, and triggers the plu-
rality of switching devices according to the modified motor
start-up function to inject current into the motor during a
subsequent trial run.
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1
SOFT STARTER SYSTEM AND METHOD OF
OPERATING SAME

BACKGROUND OF THE INVENTION

Embodiments of the invention relate generally to alternat-
ing current (AC) motors and, more particularly, to an auto-
mated system and method for defining operating parameters
for a soft starter.

Motor soft starters are devices that control transmission of
voltage and current from an AC power source to an induction
motor. Soft starters are configured to limit the transient volt-
ages and current inrush to the induction motor during start-up,
resulting in a “soft” motor starting. In operation, power from
the AC source is passed through switching devices in the soft
starter, such as a pair of anti-parallel or back-to-back solid
state switches in the form of thyristors or silicon controlled
rectifiers (SCRs), to control the current flow and, in turn, the
terminal voltages of the induction motor.

In general, the soft starter temporarily reduces torque in a
powertrain of the motor during startup via selective control of
the thyristors. This reduction allows for reduced stresses on
the motor and electrical network, which increases the life of
the system. The thyristors are controlled to turn on at a given
angle, v, as measured when the voltage becomes positive. The
resulting currents flow through the given phases until they
reach zero, at which point the thyristors turn off. This pattern
creates a “notch” in the voltage. The larger the notch width,
the smaller the rms voltage applied to the motor. Since torque
is a function of the square of the rms voltage, the larger the
notch width, the smaller the torque. If the notch width is zero,
full voltage is applied to the motor. Typically, the soft starting
process lasts a few seconds, at the end of which the system
reaches its final speed and contactors are closed to bypass the
soft starter.

In order to operate typical motor soft starters, the operator
must manually enter multiple operating parameters into a
user interface to define the turn on angle of the thyristor and
resulting notch width profile of the soft starter throughout the
soft starting process. These operating parameters include a
suitable starting time, a current limit, an initial torque, a
torque limit, a notch width, and a kick-start duration and
kick-start torque (if applicable). Typically, operating param-
eters are manually selected based on suggestions in a user
manual or based on input from field engineers. Correctly
setting the parameters for various motors and loads that result
in reliable smooth starts based on this trial-and-error param-
eter selection can be difficult since machine and load evalu-
ation must be taken into account to determine a correct start-
ing pattern.

Accordingly, it would be desirable to have a system that
automatically defines the operating parameters for a soft
starter with minimal user input. It would also be desirable for
such a soft starter system to recalculate and adjust the oper-
ating parameters over time to increase the probability of a
motor start and account for load changes over time.

BRIEF DESCRIPTION OF THE INVENTION

The present invention provides a system and method for
automatically defining and tuning operating parameters for a
motor soft starter.

According to one aspect of the invention, a motor control
device that is electrically connectable to an AC motor
includes a plurality of switching devices comprising at least
one switch corresponding to a respective phase of the AC
motor and a controller. The controller is programmed to
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define a motor start-up function based on a rated current of the
AC motor, the motor start-up function comprising an initial
torque factor and an initial ramp time, and trigger the plurality
of switching devices according to the motor start-up function
to inject current into the AC motor during a first trial run. The
controller is also programmed to monitor operating condi-
tions of at least one of the AC motor and the motor control
device during the first trial run, modify the motor start-up
function based on the monitored operating conditions, and
trigger the plurality of switching devices according to the
modified motor start-up function to inject current into the AC
motor during a subsequent trial run.

According to another aspect of the invention, a method for
controlling a AC motor includes providing a motor control
device having a plurality of switching devices to condition
voltage and current to the AC motor, providing a sensor
system to sense operating conditions of the motor control
device and the AC motor, and coupling the motor control
device between an AC power source and the AC motor. The
method also includes automatically generating a first notch
width function from an initial set of operating parameters,
controlling the plurality of switching devices according to the
first notch width function during a first motor start-up
attempt, automatically modifying the first notch width func-
tion based on feedback received from the sensor system dur-
ing the first motor start-up attempt, and controlling the plu-
rality of switching devices according to the modified notch
width function during a second motor start-up attempt.

According to yet another aspect of the invention, a soft-
starter is provided to control transmission of voltage and
current from an AC power source to an induction motor. The
soft-starter includes a plurality of supply lines, each supply
line corresponding to a phase in the induction motor and a
plurality of solid-state switches comprising at least one solid-
state switch located on each of the plurality of supply lines to
condition a motor line voltage and a phase current to the
induction motor. The soft-starter also includes a processor
programmed to trigger the plurality of solid-state switches
according to a motor start-up function and automatically
modify at least one operating parameter of the motor start-up
function absent operator input. The processor is further pro-
grammed to automatically update the motor start-up function
using the modified at least one operating parameter and trig-
ger the plurality of solid-state switches according to the
updated motor start-up function.

Various other features and advantages of the present inven-
tion will be made apparent from the following detailed
description and the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The drawings illustrate preferred embodiments presently
contemplated for carrying out the invention.

In the drawings:

FIG. 1 is a perspective view of a soft starter for use with
embodiments of the present invention.

FIG. 2 is a schematic view of an AC motor system incor-
porating a soft starter according to an embodiment of the
invention.

FIG. 3 is a flowchart illustrating a technique for determin-
ing and modifying soft starter operating parameters accord-
ing to an embodiment of the invention.

FIG. 4 is an exemplary notch width function for starting a
motor without a kick-start, according to an embodiment of the
invention.
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FIG. 5 is an exemplary notch width function for starting a
motor with a kick-start, according to an embodiment of the
invention.

FIG. 6 is a flowchart illustrating a subroutine of the tech-
nique of FIG. 3 that tunes operating parameters of a notch
width function based on a monitored current value, according
to an embodiment of the invention.

FIG. 7 illustrates exemplary plots of torque factor over time
used to start a motor before and after an overcurrent condition
has been detected, according to various embodiments of the
invention.

FIG. 8 is a flowchart illustrating a subroutine of the tech-
nique of FIG. 3 that tunes operating parameters of a notch
width function based on a monitored motor speed at the end of
a trial run, according to an embodiment of the invention.

FIG. 9 is a flowchart illustrating a subroutine of the tech-
nique of FIG. 3 that tunes a ramp time of a notch width
function based on an actual start time of a motor, according to
an embodiment of the invention.

DETAILED DESCRIPTION

The embodiments of the invention set forth herein relate to
a system and automated method for generating and tuning a
start-up profile or notch width function for a motor soft starter
with minimal user input. While embodiments of the invention
are described herein as being used in connection with a multi-
phase AC power source, one skilled in the art will recognize
that embodiments of the invention are applicable to single-
phase AC power sources.

Referring to FIG. 1, a motor control device 10 is shown that
can be used in implementing embodiments of the invention
set forth below. In an exemplary embodiment of the invention,
motor control device 10 comprises a soft starter configured to
limit the transient voltages and current to a multi-phase AC
motor during motor start-up, and will be referred to such
herein. Soft starter 10 includes a cover assembly 12 having air
inlets 14 on a motor connection end, or load end 16. Similar
air outlets 18 are located on a power source end, or line end 20
of the soft starter 10. The cover assembly 12 also houses an
electronic controller 22. Soft starter 10 also includes a base
assembly 24 to house each of switch assemblies 26, 28, 30.
Each of the switch assemblies 26-30 is identical in construc-
tion for a given soft starter 10 and corresponds to a given
phase of a multi-phase input to the multi-phase AC motor.

It is recognized that soft starter 10 illustrated in FIG. 1 is
merely an example of a soft starter architecture/structure that
may used in implementing embodiments of the invention, and
that other various soft starter architectures/structures used or
required to meet specific application requirements are also
understood to be included within the scope of the invention.
For example, a range of open chassis soft starter configura-
tions could be used in implementing embodiments of the
invention rather than the housed soft starter shown in FIG. 1.

Referring to FIG. 2, a three-phase, induction motor or AC
motor 40 is schematically shown according to an embodiment
of'the invention, and is generally designated by the reference
numeral 40. As is conventional, AC motor 40 is represented as
three stator windings 42, 44, 46. In this case, AC motor 40 is
shown connected in a wye-arrangement. It can be appreciated
that AC motor 40 may alternatively, and according to the
equivalents of the invention, be connected in a delta arrange-
ment without deviating from the scope ofthe invention. Stator
windings 42-46 of AC motor 40 are operatively connected to
an AC power source 48 through corresponding multi-phase
supply lines 50, 52, 54, at motor terminals 56, 58, 60.
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In the embodiment shown in FIG. 2, soft starter 10 is
connected between AC power source 48 and AC motor 40 and
is located outside the AC motor 40 (i.e., outside the delta).
Alternatively, soft starter 10 may be positioned inside the AC
motor 40 (i.e., inside the delta). As one skilled in the art will
recognize, the embodiments described herein may be adapted
for such a configuration.

Soft starter 10 is configured to limit the transient voltages
and current to AC motor 40 during start-up, resulting in a
“soft” motor starting. The basic structure of soft starter 10 is
shown in FIG. 2 (i.e., circuitry of the soft starter) as including
acontactor 62, 64, 66 corresponding to each supply line 50-54
or each phase of the supply power. Soft starter 10 also
includes a switching device 68, 70, 72 on each supply line
50-54. In an exemplary embodiment each switching device
68-72 is formed of a pair of anti-parallel switches, such as
solid-state switches in the form of thyristors or silicon con-
trolled rectifiers (SCRs), to control the current flow and, in
turn, the terminal voltages of the motor 40. As shown, switch
pair 68 includes thyristors 74, 76 which are opposite in polar-
ity and are connected in parallel for supply line 50. Likewise,
switch pair 70 includes thyristors 78, 80, which are opposite
in polarity and are connected in parallel for supply line 52.
Finally, switch pair 72 includes thyristors 82, 84, which are
opposite in polarity and are connected in parallel for supply
line 54. In a preferred embodiment, thyristors 74, 78, 82 are
forward conducting and thyristors 76, 80, 84 are backward
conducting.

While each phase is shown as including a pair of thyristors
74-84, it is also envisioned that soft starter 10 could have a
pair of thyristors on only one or two supply lines (e.g., only
supply line 50). Additionally, it is also recognized that, for a
specified supply line, a thyristor could be arranged in parallel
with a diode rather than another thyristor. In any of the
embodiments described above a thyristor 74-84 on a single
supply line can be controlled to distort the input voltage and
current received by AC motor 40, as described below.

Also included in soft starter 10 is a controller or processor
86 configured to control operation of thyristors 74-84 via the
transmission of gate drive signals thereto, as well as to control
opening and closing of contactors 62-66. During start-up/
ramp-up of AC motor 40 (and similarly during a ramp-down),
soft starter 10 operates in a “start-up” or “ramping” mode,
during which controller 86 causes one or more of contactors
62-66 corresponding to supply lines 50-54 to open such that
the power from AC source 48 passes through thyristor pairs
68-74, thus controlling the current flow (and therefore the
voltage) applied to the AC motor 40. Subsequent to start-up of
AC motor 40, the soft starter 10 enters a “bypass” mode in
which controller 86 causes the contactor 62-66 on each sup-
ply line 50-54 to close, so as to bypass the switching devices
68, 70, 72 and minimize power dissipation. The bypass mode
thus is considered the “normal” mode of operation for the soft
starter 98 and AC motor 40.

During operation of soft starter 10, ongoing processing
occurs within the soft starter 98 in which measurements and/
or calculations of the current being drawn by AC motor 40 are
performed. Data for these measurements and/or calculations
is acquired from a set of current sensors 88. In one embodi-
ment, these measurements and/or calculations are performed
at approximately every half cycle of the input line frequency.
However, these measurements and/or calculations may be
performed more or less frequently in alternative embodi-
ments. In the illustrated embodiment, the set of current sen-
sors 88 includes current sensors in two of the three phases.
Alternative embodiments may include a respective current
sensor for each of the three phases or a single sensor used in
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justone of the phases. Soft starter 10 is also equipped with one
or more voltage sensors 90 that measures the voltage across
the switching devices. While only one voltage sensor is illus-
trated in FIG. 2, alternative embodiments may include one or
more additional voltage sensors. A temperature sensing unit
92, comprising one or more temperature sensors, is also pro-
vided to monitor the temperature of soft starter 98. Together,
the current sensor, voltage sensor(s), and temperature sensing
unit (if used) form a sensor system 94 that provides feedback
to controller 86.

An automated technique 96 for determining and tuning
operating parameters that define a motor start-up function or
notch width profile for operating soft starter 10 is illustrated in
FIG. 3, according to an embodiment of the invention. In
general, technique 96 defines a first notch width or turn-on
angle, v, as a function of time, modifies this selection until an
appropriate or acceptable motor start is obtained, monitors
behavior of the motor start-up system over time, and continu-
ously adjusts the selection based on the monitored behaviorto
maintain start quality. Because technique 96 operates with
little to no operator input and automatically tunes the motor
start-up profile for subsequent motor starts based on moni-
tored operating conditions of the motor and soft starter, tech-
nique 96 generates a robust and reliable motor start-up pro-
file.

Technique 96 performs the automated tuning of the motor
start-up profile or notch width profile in a number of steps that
can generally be divided into four main stages: an initial stage
for system set-up, a second stage wherein initial operating
parameters are selected, a third stage that includes a search for
a set of operating parameters for a successful first run or
motor start-up (that is, a run in which final motor speed is
reached, albeit possibly not smoothly or optimally), and a
final stage that includes a search for a set of operating param-
eters for a smooth run or motor start-up (that is, a run in which
final motor speed is reached smoothly or optimally). While
the various steps of technique 96 are described herein as
falling within four general stages, the division of the steps of
technique 96 into a certain number of defined stages is done
herein to facilitate explanation of technique disclosed herein.
One skilled in the art will recognize that the steps of technique
96 may be divided into more or less than four stages in
alternative embodiments without deviating from the general
scope of the invention.

The system set-up stage of technique 96 begins at step 98
when the soft starter controller, such as controller 86 of FIG.
2, enters the auto-tuning routine in which soft starter operat-
ing parameters will be automatically determined and tuned.
At step 100 technique 96 determines whether to use the initial
default operating parameters for the soft starter. These default
parameters may include, for example, manufacturer default
settings for notch width and ramp time and/or a minimum full
load amperes (FLA) value determined from the low end of the
horsepower range of the given soft starter. The full load
amperes (FLA) value is the rated value of current for the
motor, that provides rated torque at rated speed. The decision
to use the initial default operating parameters, 102, or not use
the initial default operating parameters, 104, may be made as
a result of a user input on an operating interface of the soft
starter, such as operating interface 106 (FIG. 2). Alternatively
technique 96 may be programmed to automatically proceed
using default parameters and absent any operator input. If
technique 96 is to proceed with using the initial default oper-
ating parameters 102, technique 96 programs controller 86 to
operate the soft starter according to a motor start-up profile
defined by a first notch width profile based on a default value
at step 108.
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Alternatively, if technique 96 is to proceed without using
the initial default operating parameters 104, technique 96
receives one or more user input selections at step 110. In a
preferred embodiment, the user input selection is a single
numerical value that corresponds to the full load amperes
(FLA) of the motor. Alternatively, the user input selection
may include one or more inputs related to motor nameplate
data and, optionally, one or more additional user selections as
described below. These user input selections may be made
following prompts provided to the user on the operating inter-
face 106, according to one embodiment. The motor name-
plate data may include one or more of the following: motor
power rating, a rated current or full load amperes (FLA), rated
power factor, rated voltage, or rated efficiency, as examples.

Optionally, the user may input one or more additional
inputs at step 110, including an expected start time for the
motor (defined herein as t_user_start), a user-defined current
limit value, and information related to the type of application
or load for which the soft starter is used. Non-limiting
examples of such applications or loads include a pump, fan,
centrifuge, conveyor belt, crusher, high-inertia load, and the
like. The user may input this information through a drop-
down menu or other selection tool provided on the operating
interface 106 that permits the user to select one or multiple
application entries, such as, for example “pump” and “high-
inertia load”.

After the user input selections are received, technique 96
enters the second stage of the auto-tuning routine and defines
a first notch profile or initial motor start-up profile for a trial
run by selecting the first notch width or turn-on angle, v, as a
function of time at step 112 based on the user input selections.

Technique 96 initiates an initial or first trial run at step 114.
The operating parameters of the first trial run are determined
based on the first notch width profile programmed either at
step 108 or step 112. Two exemplary first notch width profiles
are illustrated in FIG. 4 and F1G. 5. FIG. 4 illustrates a general
linear notch width profile 116; FIG. 5 illustrates a notch width
profile for a kick-start application 118. Referring first to FI1G.
4, the operating parameters of the trial run are initially defined
as aramp function that begins at an initial notch width 120 and
that decreases linearly to zero at time point 122 (defined
herein as t_ramp). In the case of a kick-start application as
illustrated in FIG. 5, the initial kick-start torque factor or
initial kick-start notch width 124 is selected as a value less
than an initial torque factor or initial ramp notch width 126.
The soft starter operates at the initial kick-start notch width
124 for a kick-start duration 128, after which the notch width
is increased to the initial ramp notch width 126.

According to one embodiment, the initial notch width 120
or initial ramp notch width value of the ramp function 126 is
defined according to:

Notch Width=maxNotch—-(k_torque*(maxNotch-min-

Notch)/100) (Equ. 1),

where maxNotch and minNotch are predefined maximum
and minimum notch angles and k_torque is defined as a
percentage value (e.g., 50%) that indirectly determines the
initial torque. The variable k_torque is referred to hereafter as
an initial torque factor. In one embodiment, the initial torque
factor is selected as percentage value between approximately
45-50%.

If the operator entered an expected start time value, t_us-
er_start, into the operator interface at step 110, the initial
ramp time, t_ramp, is initially defined based on t_user_start.
In one embodiment t_ramp is defined as a predefined mul-
tiple, x, of t_user_start, according to t_ramp=x(t_user_start).
The predefined multiple, x, is a scalar value such as, for
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example, 1 or 1.5 or 2. Alternatively, if the user did not enter
an expected start time value at step 110, technique 96 uses a
default value for t_ramp. This default value may vary based
on the type of start, which may be determined based on a
received user input indicating the type of application or load
for which the soft starter is used, if available. For example, the
default value of t_ramp may be set as 60 seconds in a normal
start application or 180 seconds in an extended start applica-
tion, such as an application associated with a high inertia load,
centrifuge, or similar system.

Referring again to FIG. 3, after the initial operating param-
eters are determined for the motor start-up profile of the trial
run, technique 96 enters the third stage of the auto-tuning
routine during which a set of operating parameters for a first
successful run or start are sought out while running a set of
tuning subroutines at steps 130 and 132. During steps 130,
132 technique 96 attempts a motor start up by operating the
soft starter according to the operating parameters defined at
step 108 or step 112. During the duration of this start-up
attempt, operating conditions of the motor and soft starter,
such as voltage, current, and temperature, are monitored and
corrective actions are taken, if appropriate, based on the
monitored operating conditions, as described below. Based
on the outcome of the subroutines operating at steps 130 and
132, one or more of the operating parameters of the motor
start-up may be modified for use in the subsequent trial run or
subsequent start-up attempt. The trial run ends at step 134.

According to one embodiment, the duration of this first or
initial trial run is set at a predefined value, such as 10 seconds
for anormal start up application or 60 seconds for an extended
start application. These trial run duration values are provided
as examples only and other default values may be used within
the scope of the invention. Alternatively, the trial run duration
time may be defined as a function of the power rating of the
motor or load. For example, for a low power motor, the trial
run duration may be defined as a shorter time period, such as
10 seconds, extending proportionally to a longer time period,
such as 15 seconds, for a high power motor. As yet another
alternative, the duration of the trial run may be defined as
being equal to or a predefined fraction of the user-provided
start time, t_user_start.

Throughout the duration of the trial run, technique 96 runs
a current trip tuning subroutine 130, the details of which are
illustrated in FIG. 6. In general, the current trip tuning sub-
routine 130 operates to lengthen the ramp time and, in cases
where an early trip occurs, reduce the initial torque factor of
the notch profile used in a subsequent trial run. Tuning sub-
routine 130 starts at step 136 and monitors for a current trip at
step 138 using current sensors 88 (FIG. 2). A current trip is
identified if the monitored current exceeds a current threshold
value. In one embodiment, the current threshold value is set as
a multiple of the FLLA, such as, for example, three times the
FLA or four times the FLLA. Alternatively, the current limit
may be input by an operator at step 110. Ifthe current does not
exceed the current threshold during the trial run 140, tuning
algorithm subroutine 130 ends at step 142. This current trip
value is an operating parameter for soft starter set-up, which
may be modified by the user depending on a number of
factors. Other, generally higher, current thresholds are gen-
erally used for protection, to operate circuit breakers and
other hardware. Such higher current thresholds are not part of
technique 96 except to interrupt it in case of a fault, as is done
in the art to protect electrical circuits and machinery.

If, on the other hand, the monitored current is greater than
the current threshold value, a trip occurs 144 and the motor is
disconnected at step 146 and the motor begins to coast down
to a stop. According to one embodiment, current trip tuning
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subroutine 130 identifies a current trip 144 if the monitored
current is greater than the current threshold value over a
certain duration of time, where the duration may be defined as
a fraction of a second, such as 0.2 or 0.5 seconds, in such a
way as to avoid nuisance interruption due to noise or other
spurious event. Disconnection of the motor is accomplished
by discontinuing the triggering or firing of switching devices
68-72, thus electrically isolating the motor terminals from the
line voltage. At step 148 a representative value of voltage is
measured across the motor terminals at the time of disconnect
and during the time period as the motor slows or coasts to a
stop. The representative value may be a peak value, or an rms
value, for instance. The monitored representative value of
voltage is used to determine the speed of the motor. The motor
speed may be used as a factor for determining the time needed
to wait before a restart, as explained in more detail below.
Additionally, the monitored motor speed contains informa-
tion concerning the system load and inertia, which may be
used to generate refined operating parameters, for diagnosis
and debugging, and other functions. During step 150 tech-
nique 96 maintains a wait step. The wait step continues until
the motor has stopped, which can be determined in a number
of'ways, such as a set time (such as 1 minute), or extrapolated
from monitoring the representative value of motor voltage.
The duration of the wait step can optionally be lengthened
based on input from temperature sensing unit 92, for instance
until the temperature reading is below a threshold devised for
safe subsequent operation of the unit. Further, the wait step
can include an optional input from the user, such that the
restart occurs only with the acquiescence of the user.

Optionally, at step 152 (shown in phantom), technique 96
determines whether the current trip was an “early trip.” A
current trip may be determined to be an “early trip” if the trip
occurs before a first time threshold in the trial run or within a
predetermined time period following initiation of the trial
run, such as, for example, within the first second of the trial
run. If the current trip did not occur within the predetermined
time period 154 (that is, the current trip occurs after the first
time threshold), technique 96 proceeds directly to step 156 to
extend the ramp time. On the other hand, if the current trip did
occur before the first time threshold in the trial run 158, the
voltage was too high at the beginning of the start-up opera-
tion. To maintain the voltage near its initial value for a longer
time period and prevent a current trip in a subsequent run, the
initial torque may be reduced at optional step 160 (shown in
phantom) and, optionally, the ramp time may be lengthened at
step 152, as described in more detail with respect to FIG. 7.
According to various embodiments, technique 96 may be
configured to proceed to step 156 and extend the ramp time
following step 160 or, alternatively, bypass step 160 and
proceed directly to step 142.

At step 156, technique 96 extends the ramp time, t_ramp,
for use in the next trial run. According to various embodi-
ments, the ramp time, t_ramp, may be increased from the
previous value by a predefined scalar value or multiplication
factor according to a look-up table, as examples. Optionally,
in extending the ramp time, technique 96 may take into
account how long after the trial run was initiated that the trip
occurred. If the trip occurred very soon after the trial run was
initiated, such as, for example, within one second of initiating
the trial run, technique 96 may also decrease the initial torque
factor for the subsequent trial run. Similar to the ramp time,
the amount of decrease in torque factor may be determined
from a look-up table or according to a predetermined func-
tion. After the extended ramp time is determined, tuning
algorithm subroutine 130 ends at step 142.
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As explained above, after an overcurrent condition is
detected as a result of the selected operating parameters for a
given trial run, current trip tuning subroutine 130 may take a
number of actions to modify the operating parameters of the
start-up profile used for the subsequent trial run, namely
lengthening the ramp time and/or reducing the initial torque.
To illustrate these options in more detail, FIG. 7 includes an
exemplary initial start-up profile 162 illustrated in terms of
voltage (or torque factor) applied to the motor versus time for
a first trial run and three exemplary start-up profiles 164, 166,
168 for a subsequent trial run after an overcurrent condition is
detected as a result of an attempted motor start using initial
start-up profile 162. Start-up profile 164 illustrates a case
where the subsequent trial run is defined to have a reduced
initial torque factor and the same ramp time as the first trial
run. Start-up profile 166 defines a subsequent trial run having
an increased ramp time from the first trial run, but where the
initial torque factor remains unchanged. Start-up profile 168
illustrates a case where both the initial torque factor is
reduced and the ramp time is increased between the first trial
run and the subsequent trial run.

To determine which start-up profile to follow for the sub-
sequent trial run, current trip tuning subroutine 130 deter-
mines when the trip occurred during previous trial run. If the
trip did not occur early in the start-up attempt, such as after
time 170, current trip tuning subroutine 130 increases the
ramp time from time 172 to time 174 while maintaining the
initial torque factor 176 for the subsequent trial run, as illus-
trated in start-up profile 166.

Because start-up profile 166 is only marginally below the
initial start-up profile 162, merely increasing the ramp time
may not be sufficient to prevent an overcurrent condition from
occurring in the subsequent trial run if the current trip
occurred early in the trial run. When an overcurrent condition
is detected early on during the start-up attempt using initial
start-up profile 162, such as prior to time 170, current trip
tuning subroutine 130 may reduce the initial torque factor for
the subsequent trial run, as illustrated by start-up profiles 164
and 168. Reducing the initial torque factor for the subsequent
trial run reduces the voltage applied to the motor early on. In
a preferred embodiment, subroutine 130 reduces the initial
torque value 176 to a value decreased initial torque factor 178
while maintaining the initial ramp time 172. Alternatively,
subroutine 130 may decrease the initial torque factor and also
increase the ramp time from initial ramp time 172 to an
increased ramp time 174, as illustrated in start-up profile 168.

According to one embodiment, in defining the initial
torque factor and ramp time for the subsequent trial run after
an early trip is detected, current trip tuning algorithm subrou-
tine 130 is configured to determine the torque factor 182 at
time 170 based on the slope of start-up profile 166 and com-
pare the determined torque factor to the corresponding torque
factor 180 at time 170 from the first or initial trial run 162. If
torque factor 182 differs from torque factor 180 by more than
a predetermined amount, such as 5%, current trip tuning
algorithm subroutine 130 will select subsequent start-up pro-
file 166 for the subsequent trial run. If torque factor 182 does
not differ from 180 by more than the predetermined amount,
current trip tuning algorithm subroutine 130 selects either
start-up profile 164 or start-up profile 168 for the subsequent
start up profile.

Optionally, current trip subroutine 130 may also be con-
figured to monitor for a temperature trip or condition wherein
the temperature of the soft starter as monitored by tempera-
ture sensing unit 92 (FIG. 2) exceeds a predetermined thresh-
old value during operation. If such an overtemperature trip
occurs, subroutine 130 may be further configured to discon-
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nect the motor and adjust operating parameters in a similar
manner as described above with respect to a current trip
situation. In such instances, the wait step 150 may be main-
tained until the monitored soft starter temperature has
reached an acceptable level (as indicated by feedback from
temperature sensing unit 92).

During the trial run, technique 96 also operates a no start
tuning subroutine 132, the details of which are illustrated in
FIG. 8. Subroutine 132 begins at step 184 and determines
whether the motor reached full operating speed during the
time duration of the trial run at step 186. If the motor did reach
full speed during the trial run 188, the no start tuning algo-
rithm subroutine 132 ends at step 190. If, on the other hand,
the motor did not reach full speed during the trial run 192, the
motor is disconnected at step 194 at the end of the trial run
duration and a representative value of motor voltage after the
motor is disconnected is monitored at step 196.

At step 198 the monitored a representative value of motor
voltage after the motor disconnect is compared to a threshold.
In one embodiment, the threshold voltage value is selected as
a percentage of the full line voltage. If the monitored motor
voltage is greater than the threshold voltage value 200, the
current value of the initial torque factor is maintained at its
existing setting for a subsequent trial run at step 202. If the
monitored motor voltage is less than the threshold voltage
value 204, the initial torque factor is increased for the next
trial run at step 206.

According to one embodiment, no start tuning algorithm
subroutine 132 increases the initial torque factor at step 206 in
accordance with a look-up table. An exemplary look-up table,
TABLE 1, is provided below. TABLE 1 is merely an example
of'one possible combination of torque and kick start duration
values and is not intended to limit the scope of the invention.
As one skilled in the art will recognize, torque factor values
and kick start duration, as well as the number of trial runs in
a general operation mode and a kick start mode and prior to
the indication of a flag may be varied based on a given appli-
cation. As shown, the initial torque factor may be incremen-
tally increased for a first number of trial run iterations by a
predefined amount, such as, for example, an additional ten
percent of the initial torque value without a kick start. If the
motor does not start after the first number of trial run itera-
tions, subroutine 132 may initiate a kick start operation and
selectively change the initial torque, kick start duration, and/
or initial ramp torque in subsequent trial runs if the motor
does not start. If the motor does not start after a certain
number of trial run iterations, subroutine 132 may be pro-
grammed to indicate a flag or overload condition at the end
190 of the subroutine.

TABLE 1
Initial Torque Kick Start Initial Ramp
Trial Run Factor Duration Torque Factor
i=1 50% 0 0
i=2 60% 0 0
i=3 70% 0 0
i=4 75% 1 second 70%
i=5 75% 2 seconds 70%
i=6 80% 2 seconds 70%

Referring again to FIG. 3, following the end of the trial run
at step 134 technique 96 determines whether the trial run
achieved a successful start at step 208. A successful start may
be determined to have occurred 210 if the back emf of the
motor is above a threshold value or the motor has reached
final speed. The motor can subsequently start successfully
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based on the operating parameters of the trial run, and an
over-current and/or over-temperature condition did not occur
during the trial run. Final speed may be detected by a drop in
notch depth voltage (measured as a voltage across the soft
starter switching devices), a drop in current below a thresh-
o0ld, a peak or inflexion in the torque profile, or a combination
of the three, according to various embodiments.

A peak torque typically occurs in induction machines
shortly before final speed is reached, and, as such, is an early
indicator of the system being about to reach final speed. The
detection of the peak torque is determined as a function of
nominal torque, such as, for example, nominal torque multi-
plied by a scalar coefficient. According to one embodiment,
technique 96 may be configured to determine a torque esti-
mate to sense whether the motor is approaching full speed.
Estimating the torque provides additional information for use
in tuning the notch function, including an early indication that
the motor will reach final speed based on a current notch
function. To determine the torque estimate, the motor stator
resistance is obtained using one of a number of methods. For
example, the motor stator resistance may be obtained from
the motor manufacturer, measured separately off-line, or esti-
mated using a known technique. Alternatively, the motor
stator resistance may be estimated by turning two thyristors
on in two ofthe motor phases when the motor is at a standstill.
As the voltage across these two phases is close to zero and
decreasing, turning the thyristors on produces a short current
waveform in these two phases. The voltage and current are
measured during this conduction to provide the desired stator
winding resistance value. The stator winding resistance
value, R, is then used to calculate the stator flux vector, ¥,
according to:

W ~f(u ~Ri)dt (Eqn. 1),

where u, are the measured stator voltages, i, are the measured
stator currents applied to the motor. The electromagnetic
torque, T,, may then be estimated according to:

T, e:pn(isﬁlyscx_iscxlysﬁ)

where p,, is the number of pole pairs and the subscripts o and
[ reflect components on two axes in quadrature, such as d-q
axes.

If technique 96 determines at step 208 the trial run did not
result in a successful start 212, technique 96 returns to step
114 to start a subsequent trial run. During the subsequent trial
run, the switching devices of the soft starter are controlled
according to a motor start-up profile defined by one or more
updated operating parameters (e.g., ramp time and/or initial
torque factor) determined from the no start tuning subroutine
132 and/or the current/temperature trip tuning subroutine 130
run during the previous trial run.

Technique 96 continues to modify the operating param-
eters for the motor start-up profile or notch width function
during subroutines 130 and 132 during a given trial run and
use those modified values to define an updated notch width
function for operating the soft starter during the next trial run
until a successful start is determined at step 208 or until one of
subroutines 130 or 132 outputs a flag. A flag may be indicated
from still not reaching full speed even with the highest pos-
sible value of initial torque (for example condition “trial run
i=6" in Table 1), or from other indicators such as having
exceeded a predetermined maximum number of attempted
starts. Along with the indication of a flag, technique 96 may
make information available to the user or to other algorithms
concerning the start attempt, to help in providing a diagnosis,
identifying a fault condition, if any, and enabling a path to
achieve successful system starts in the future.

(Eqn. 2),
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When a successful start is determined to have occurred
during the trial run 210 and the user provided a desired start
time at step 110, technique 96 continues to the final stage of
the automated tuning technique wherein the operating param-
eters may be adjusted to achieve a smooth run with less strain
on the load and/or achieve a motor start-up within a time
period closer to the user desired start time, t_user_start. To do
this, technique 96 determines the actual time it took for the
motor to start during the trial run (referred to herein as t_start)
at step 214. Technique 96 then initiates a ramp time tuning
subroutine 216, described in detail with respect to FIG. 9.

Referring now to FIG. 9, the sub-steps of start time tuning
subroutine 216 are illustrated according to one embodiment
of the invention. Subroutine 216 selectively adjusts the
present value of the ramp time, t_ramp, so that the time it
takes the motor to reach final speed is closer to the user
desired star time, t_user_start. Because an actual start may
only occur within a limited range of time values, subroutine
216 is configured to make small adjustments to the start time
and, in one embodiment, only adjust the ramp time, t_ramp, a
single time. In the event an overcurrent occurs during the
subsequent trial run as a result of the updated ramp time,
technique 96 reverts to the ramp time used in the previous trial
run for subsequent motor starts.

Subroutine 216 begins at step 218 and determines whether
the actual start time, t_start, is within a given range of the user
input start time at step 220, where the given range is defined
between an upper threshold and a lower threshold. As one
example, the given range may be defined between an upper
threshold of approximately 120 percent of the user input start
time and a lower threshold of approximately 80 percent of the
user input start time. However, the upper and lower threshold
values may be varied in alterative embodiments. If subroutine
216 determines that the actual start time is within the pre-
defined time range 222, subroutine 216 maintains the existing
ramp time setting for the subsequent trial run at step 224 and
ends at step 226.

If, on the other hand, the actual start time is not within the
predefined range 228, subroutine 216 determines whether the
actual start time is greater than the upper threshold of the
predefined range or less than the lower threshold of the pre-
defined range at step 230. If the actual start time is greater than
the upper threshold 232, subroutine 216 decreases the ramp
time, t_ramp, for the next trial run at step 234. If the actual
start time is less than the lower threshold of the predefined
range 236, subroutine 216 increases the ramp time, t_ramp,
for the next trial run at step 238. According to various embodi-
ments, subroutine 216 increases or decreases the ramp time,
t_ramp, at steps 234 and 238 according to a predefined func-
tion. Following steps 234 or 238 the subroutine ends at step
226.

Referring again to FIG. 3, technique 96 ends at step 240
and the operating parameters defined during subroutines 130,
132 (and subroutine 216 if applicable) are stored foruse in the
next motor start. During continued operation of soft starter,
the controller continues to run the auto-tuning algorithm
described herein and continuously tune the operating param-
eters of the notch width profile used to operate the soft starter.

Further, technique 96 can be integrated within, or integrate
within its steps, a number of other algorithms and functions,
such as diagnostic functions, protection functions, current
limiting functions, energy monitoring functions, and the like,
that technique 96 can work cooperatively with, or enhance by
such methods and steps as information exchange and the like.
As such technique 96 may be embedded within, or encom-
pass, a larger or much larger soft starter control system.
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A technical contribution for the disclosed method and
apparatus is that it provides for a controller-implemented
technique for generating and tuning the operating parameters
that define the notch width profile operating a motor soft
starter. The technique defines a first notch width profile,
monitors operating conditions during an initial motor start
attempt operated according to the first notch width profile,
and automatically updates one or more parameters of the
notch width profile. Accordingly, the technique disclosed
herein automatically defines the operating parameters for a
soft starter with minimal user input and, in some embodi-
ments, absent any user input. Since the disclosed technique
automatically recalculates and adjusts the motor start-up
function used to operate the soft starter over time, the tech-
nique increases the probability of a smooth motor start and
accounts for load changes over time.

One skilled in the art will appreciate that embodiments of
the invention may be interfaced to and controlled by a com-
puter readable storage medium having stored thereon a com-
puter program. The computer readable storage medium
includes a plurality of components such as one or more of
electronic components, hardware components, and/or com-
puter software components. These components may include
one or more computer readable storage media that generally
stores instructions such as software, firmware and/or assem-
bly language for performing one or more portions of one or
more implementations or embodiments of a sequence. These
computer readable storage media are generally non-transitory
and/or tangible. Examples of such a computer readable stor-
age medium include a recordable data storage medium of a
computer and/or storage device. The computer readable stor-
age media may employ, for example, one or more of a mag-
netic, electrical, optical, biological, and/or atomic data stor-
age medium. Further, such media may take the form of, for
example, floppy disks, magnetic tapes, CD-ROMs, DVD-
ROMs, hard disk drives, and/or electronic memory. Other
forms of non-transitory and/or tangible computer readable
storage media not listed may be employed with embodiments
of the invention.

A number of such components can be combined or divided
in an implementation of a system. Further, such components
may include a set and/or series of computer instructions writ-
ten in or implemented with any of a number of programming
languages, as will be appreciated by those skilled in the art. In
addition, other forms of computer readable media such as a
carrier wave may be employed to embody a computer data
signal representing a sequence of instructions that when
executed by one or more computers causes the one or more
computers to perform one or more portions of one or more
implementations or embodiments of a sequence.

Therefore, according to one embodiment of the invention,
a motor control device that is electrically connectable to an
AC motor includes a plurality of switching devices compris-
ing at least one switch corresponding to a respective phase of
the AC motor and a controller. The controller is programmed
to define a motor start-up function based on a rated current of
the AC motor, the motor start-up function comprising an
initial torque factor and an initial ramp time, and trigger the
plurality of switching devices according to the motor start-up
function to inject current into the AC motor during a first trial
run. The controller is also programmed to monitor operating
conditions of at least one of the AC motor and the motor
control device during the first trial run, modify the motor
start-up function based on the monitored operating condi-
tions, and trigger the plurality of switching devices according
to the modified motor start-up function to inject current into
the AC motor during a subsequent trial run.
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According to another embodiment of the invention, a
method for controlling a AC motor includes providing a
motor control device having a plurality of switching devices
to condition voltage and current to the AC motor, providing a
sensor system to sense operating conditions of the motor
control device and the AC motor, and coupling the motor
control device between an AC power source and the AC
motor. The method also includes automatically generating a
first notch width function from an initial set of operating
parameters, controlling the plurality of switching devices
according to the first notch width function during a first motor
start-up attempt, automatically modifying the first notch
width function based on feedback received from the sensor
system during the first motor start-up attempt, and controlling
the plurality of switching devices according to the modified
notch width function during a second motor start-up attempt.

According to yet another embodiment of the invention, a
soft-starter is provided to control transmission of voltage and
current from an AC power source to an induction motor. The
soft-starter includes a plurality of supply lines, each supply
line corresponding to a phase in the induction motor and a
plurality of solid-state switches comprising at least one solid-
state switch located on each of the plurality of supply lines to
condition a motor line voltage and a phase current to the
induction motor. The soft-starter also includes a processor
programmed to trigger the plurality of solid-state switches
according to a motor start-up function and automatically
modify at least one operating parameter of the motor start-up
function absent operator input. The processor is further pro-
grammed to automatically update the motor start-up function
using the modified at least one operating parameter and trig-
ger the plurality of solid-state switches according to the
updated motor start-up function.

Embodiments of the present invention have been described
in terms of the preferred embodiment, and it is recognized
that equivalents, alternatives, and modifications, aside from
those expressly stated, are possible and within the scope of
the appending claims.

What is claimed is:
1. A motor control device electrically connectable to an AC
motor, the motor control device comprising:
a plurality of switching devices comprising at least one
switch corresponding to a respective phase of the AC
motor; and
a controller programmed to:
define a motor start-up function based on a rated current
of'the AC motor, the motor start-up function compris-
ing an initial torque factor and an initial ramp time;

trigger the plurality of switching devices according to
the motor start-up function to inject current into the
AC motor during a first trial run;

monitor operating conditions of at least one of the AC
motor and the motor control device during the first
trial run;

modify the motor start-up function based on the moni-
tored operating conditions; and

trigger the plurality of switching devices according to
the modified motor start-up function to inject current
into the AC motor during a subsequent trial run.

2. The motor control device of claim 1 wherein the con-
troller is further programmed to define and modify the motor
start-up function absent operator input.

3. The motor control device of claim 1 wherein the con-
troller is further programmed to:

trigger the plurality of switching devices according to the
motor start-up function for a predefined duration;
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discontinue triggering the plurality of switching devices to
disconnect the AC motor from the AC power source if
the AC motor has not reached full speed at the end of the
predefined duration;

monitor a voltage of the AC motor at the end of the pre-

defined duration; and

modify the motor start-up function by increasing the initial

torque factor if the monitored voltage is below a thresh-
old.

4. The motor control device of claim 1 wherein the con-
troller is further programmed to:

receive feedback from a current sensor during the first trial

run;

identify a current trip based on the received feedback; and

modify the motor start-up function by increasing the initial

ramp time if the current trip is identified.

5. The motor control device of claim 1 wherein the con-
troller is further programmed to:

identify a current trip during the first trial run;

modify the motor start-up function by decreasing the initial

torque factor if the identified current trip occurs before a
first time threshold in the first trial run; and

modify the motor start-up function by increasing the initial

ramp time if the identified current trip occurs after the
first time threshold.

6. The motor control device of claim 1 wherein the con-
troller is further programmed to:

determine whether the AC motor reached full speed during

the first trial run; and

if the AC motor reached full speed during the first trial run:

determine an actual start time for the AC motor;

compare the actual start time to the initial ramp time; and

modify the motor start-up function by selectively adjusting

the the initial ramp time based on the comparison.

7. The motor control device of claim 1 wherein the con-
troller is further programmed to modify the motor start-up
function by defining at least one of an initial kick-start torque
factor and a kick-start duration.

8. The motor control device of claim 1 wherein the con-
troller is further programmed to modify the motor start-up
function by adjusting at least one of the initial torque factor
and the initial ramp time based on a look-up table.

9. The motor control device of claim 1 wherein the initial
torque factor and the initial ramp time are defined by a notch
width profile.

10. A method for controlling an AC motor comprising:

providing a motor control device having a plurality of

switching devices to condition voltage and current to the
AC motor;

providing a sensor system to sense operating conditions of

the motor control device and the AC motor;

coupling the motor control device between an AC power

source and the AC motor;

automatically generating a first notch width function from

an initial set of operating parameters;

controlling the plurality of switching devices according to

the first notch width function during a first motor start-
up attempt;

automatically modifying the first notch width function

based on feedback received from the sensor system dur-
ing the first motor start-up attempt; and

controlling the plurality of switching devices according to

the modified notch width function during a second
motor start-up attempt.

11. The method of claim 10 wherein modifying the first
notch width function comprises at least one of modifying a
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ramp time of the first notch width function and modifying an
initial torque factor of the first notch width function.

12. The method of claim 10 further comprising:

detecting an overcurrent condition during the first motor
start-up attempt; and

automatically modifying the first notch width function by
extending a ramp time of the first notch width function
based on the detected overcurrent condition.

13. The method of claim 10 further comprising:

detecting an overcurrent condition during the first motor
start-up attempt; and

automatically modifying the first notch width function by
reducing an initial torque factor of the first notch width
function.

14. The method of claim 10 further comprising automati-
cally modifying the first notch width function to include a
kick-start duration and an initial kick-start torque factor.

15. The method of claim 10 further comprising:

determining if the AC motor reached a final speed during
the first trial run; and

ifthe AC motor did not reach the final speed, automatically
modifying the first notch width function by increasing
an initial torque factor of the first notch width function.

16. A soft-starter to control transmission of voltage and
current from an AC power source to an induction motor, the
soft-starter comprising:

a plurality of supply lines, each supply line corresponding

to a phase in the induction motor;

a plurality of solid-state switches comprising at least one
solid-state switch located on each of the plurality of
supply lines to condition a motor line voltage and a
phase current to the induction motor;

a sensor system configured to monitor at least one of a
current and a voltage of the plurality of supply lines; and

a processor programmed to:
trigger the plurality of solid-state switches according to

a motor start-up function;
receive feedback from the sensor system;
automatically modify at least one operating parameter of
the motor start-up function absent operator input
based on the received feedback;
automatically update the motor start-up function using
the modified at least one operating parameter; and
trigger the plurality of solid-state switches according to
the updated motor start-up function.

17. The soft-starter of claim 16 wherein the processor is
further programmed to: detect a current trip; identify a time
that the detected current trip occurred; and if the time is above
athreshold, extend a ramp time of the motor start-up function
based on the detected current trip; and if the time is below the
threshold, reduce an initial torque factor of the motor-start-up
function based on the detected current trip.

18. The soft-starter of claim 17 wherein the processor is
further programmed to extend the ramp time of the motor
start-up function based on the detected current trip if the time
is below the threshold.

19. The soft-starter of claim 17 wherein the processor is
further programmed to reduce an initial torque factor of the
motor start-up function based on the detected current trip.

20. The soft-starter of claim 16 wherein the processor is
further programmed to automatically update the motor start-
up function to include a kick-start duration and an initial
kick-start torque factor.

21. The soft-starter of claim 16 wherein the processor is
further programmed to define the motor start-up function
based on a rated current of the induction motor.
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22. The soft-starter of claim 16 wherein the processor is
further programmed to:

trigger the plurality of solid state switches according to the
motor start-up function for a predetermined duration;

estimate a speed of the induction motor at the end of the
predetermined duration;

trigger the plurality of solid state switches according to the
motor start-up function during a subsequent motor start
if the estimated speed is greater than a threshold; and

trigger the plurality of solid state switches according to the
updated motor start-up function during the subsequent
motor start if the estimated speed is less than the thresh-
old.
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